The key feature of respiratory distress syndrome (RDS) is the insufficient production of surfactant in the lungs of preterm infants. As a result, researchers have looked into the possibility of surfactant replacement therapy as a means of preventing and treating RDS. We sought to identify the role of surfactant in the prevention and management of RDS, comparing the various types, doses, and modes of administration, and the recent development.
INTRODUCTION
Respiratory distress syndrome (RDS) is observed in prematurely born infants. Surfactant production is insufficient due to the immature development of type II pneumocytes, which begin to produce surfactant at approximately 20 weeks gestation [1] . Insufficient surfactant leads to reduced pulmonary compliance and increased surface tension [2, 3] . This results in increased risk of alveoli collapse at expiration followed by reduction in total surface area for gaseous exchange, as well as the alveolar-capillary diffusion capacity. Hypoxia and hypercapnia develops. The risk and severity of RDS are inversely proportional to the gestational age of the infant at birth [4] . In fact, prior to the introduction of surfactant, RDS was considered to be the leading aetiology of mortality in preterm infants [5] . As a result, much effort has been focussed on the prevention and treatment of RDS.
Many therapeutic strategies have been proposed, but few have shown large benefit. One such therapeutic proposal is the administration of surfactant [6] . Trials have been ongoing since the 1960s with gradual development and refinement of surfactant product [7] . It has been clearly determined from randomised controlled trials that surfactant replacement therapy imparts a significant benefit in the prevention or treatment of RDS [8] The beneficial impact of surfactant has led to enhanced development and research into new surfactant analogues [9] . Two main subtypes have been developed: natural and synthetic. Animal-derived surfactant, also known as natural surfactant, contains a similar *Address correspondence to this author at the King's College London School of Medicine, London SE1 1UL, UK; Tel: (+44) 0783 8978 541; E-mail: christopher.ma@kcl.ac.uk morphology to that of human surfactant. Natural surfactant has been considered the superior subtype, due to its greater efficacy in mimicking the action of human surfactant. Animals used in this process include pigs and cows. There are three commonly researched natural surfactants [10] . First, poractant (Curosurf ® ) is derived from minced porcine lungs [11] . Second, beractant (Survanta ® ) is a bovine extract [12] . Third, calfactant (Infasurf ® ) is another bovine surfactant extracted by broncho-alveolar lavage [13] . The value between the two subtypes has yet to be fully elucidated. Bovine samples are most commonly used followed by porcine extracts. Despite the positive findings when natural surfactant is administered, there are a number of drawbacks, including the lack of cost-effectiveness, inconsistent efficacy, possible anaphylactic shock reaction, and risk of pathogen contamination. It is important to note that the pathogenic risks have not been identified on a clinical level.
In recent years, synthetic surfactant has experienced a surge in breakthroughs to the point of rivalling natural surfactant. The prime factor has been the development of protein-containing synthetic surfactant. Previous synthetic surfactant only contained phospholipids, with colfosceril palmitate (Exosurf ® ) the most commonly trialled protein-free synthetic surfactant [14] . It had been shown that its therapeutic effect was inferior to that of natural surfactant. The rise of protein-containing synthetic surfactant, such as lucinactant (Surfaxin ® ), has offered scientists a new avenue to further expand upon our advancement in surfactant as its action has been hypothesised to be as effective as, or even better than, natural surfactant [15, 16] . The purpose of this review is to identify the key components of surfactant analogues, discuss the trials comparing surfactant types, analyse the methods of surfactant administration, and highlight recent developments.
BIOCHEMICAL BACKGROUND OF SURFACTANT ANALOGUES Biochemical Structure of Surfactant
Surfactant composition is derived from 90% phospholipid and 10% protein. Phosphatidylcholine (PC) is the main phospholipid class, with dipalmitoylphosphatidylcholine (DPPC) the commonest subtype. Monolayers of DPPC are crucial in the maintenance of surface tension at near zero levels during compression [17] . Surfactant protein A, B, C and D (SP-A, -B, -C and -D) are the four key proteins that have been isolated. Despite forming a small proportion of the surfactant molecule, these proteins are vital to the stabilisation and functioning of surfactant. Without surfactant protein, DPPC is at increased risk of forming semi-crystalline domains during expiration [18] . SP-A and -D are large hydrophilic lectin proteins involved in pulmonary host defence. By binding to apoptotic cells in a Ca
2+
-dependent manner, SP-A and -D activates phagocytic clearance by alveolar macrophages along with formation of reactive oxygen species and nitrogen intermediates [19] Other mechanisms involve the upregulation of secretory leukoprotease inhibitor (SLPI) [20] . SLPI prevents degradation of matrix metalloproteinase, a molecule involved in antigen apoptosis through the proteolytic breakdown of extracellular matrix components. Release of neutrophil chemotactic factors by alveolar type II pneumocytes is also regulated by SP-A [21] . Studies on animal models with SP-A and -D deficiencies have sought to confirm these findings. Baboons with SP-A and -D deficiencies have demonstrated an increased susceptibility to pulmonary infection [22] , while SP-A and -D knockout mice displayed delayed pneumocystis carinii (jiroveci) clearance, reduced proinflammatory cytokines, and enhanced lung injury [23, 24] . Similar findings were identified in mycobacterium tuberculosis [25] and mycoplasma pulmonis infection [26] .
SP-B and -C, on the other hand, play an intricate role in sustaining alveolar ventilation. Because of their small hydrophobic properties, SP-B and -C interact with polar head groups of DPPC to form a surface-active film, which lowers surface tension and allows alveoli to maintain patency. SP-B, in particular, is crucial in the maturation of surfactant. SP-B gene expression is actually prevalent at 24 weeks gestation but maturation onset only occurs at 30 weeks gestation [27] . The high level of hydrophobicity allows numerous bonds to be formed between other molecules [28] . Studies comparing the action of SP-B and -C have found that SP-B displays a greater ability in stabilising film formation [29] . Thus, surfactant extracts containing only SP-B reached significantly lower surface tension in contrast to SP-C containing surfactant extracts. Studies on SP-B gene knockout mice, as well as infants with SP-B deficiency, have demonstrated an incompatibility with life as a result of dysfunctional surfactant action [30, 31] . In addition, SP-B has been shown to demonstrate antimicrobial activity, suggesting that pulmonary host defence may involve an interaction between SP-A, -D and -B. Studies on SP-C have demonstrated less severe findings with SP-C deficient infants developing interstitial lung disease [32] .
Natural Surfactant
Beractant (Survanta ® ) is animal surfactant derived from minced bovine lung extract, with the added products of DPPC, palmitic acid and tripalmitin [33] . Surfactant protein concentrations comprise of SP-B and SP-C. These additional products increase its similarity to the composition of human surfactant. Calfactant (Infasurf ® ) is another bovine extract from lung lavage containing DPPC, SP-B and SP-C [34] . Compared to beractant, calfactant has higher phospholipid content (95% vs 84%) and a greater SP-B concentration (5.4ug/umol vs 1.3ug/umol), suggesting improved surfactant effect [35] . In contrast, poractant (Curosurf ® ) is extracted from minced porcine lungs and undergoes a series of purification procedures by centrifuge to remove neutral lipids [10] . SP-B and SP-C are the only two protein types present [36] . The result is a suspension consisting of 99% polar lipids and 1% low molecular weight hydrophobic proteins. This superior concentration of phospholipid, as compared to both bovine extracts, is constructed to potentially maximise efficacy.
Synthetic Surfactant
There are a number of barriers involved in the development of protein-containing synthetic surfactant. Because surfactant proteins interact closely to each other, the precise composition is required for surfactant to function properly. Moreover, the recombinant proteins must be configured correctly with DPPC; this further complicates the model. With regards to SP-B, the hydrophobic expression combined with the numerous disulfide bridges have forced researchers to focus on synthesising key components of the structure [28] . Mimicking of N-terminal and C-terminal formation has been particularly emphasised. Likewise, SP-C has proven tricky to replicate. Its highly hydrophobic nature combined with its small size of 35 amino acid residues and the limited number of side chains makes SP-C an unstable structure [37] . Key to the structure is the alpha helix component. This alpha helix inserts into the lipid bilayer, allowing SP-C to maintain a parallel orientation in relation to the lipid structure. This specific orientation mechanism is one of many that allow the surfactant molecule to maintain its structure.
Despite the intricate challenge, synthetic surfactants containing surfactant protein have demonstrated encouraging results. Lucinactant, also known as Surfaxin ® , is considered a new-generation synthetic surfactant composed of DPPC, POPG (palmitoyloleoyl phosphatidylglycerol), palmitic acid, and sinapultide, a hydrophobic 21-amino acid KL 4 peptide with the hydrophobic-hydrophilic amino acid pattern of leucine and lysine repeating units [38, 39] . Despite its considerably smaller size relative to SP-B, sinapultide replicates SP-B action by mimicking a C-terminal amphipathic helical domain of SP-B. Charged amino acid residues associate with polar heads of phospholipids, while alternating neutrally-charged amino acids interact with fatty acid chains. It is thought that this interface improves spreading and stability of the air-liquid interface. As a means of compensating for the inaccurate replication of SP-B, lucinactant contains a greater concentration of sinapultide than the concentration of SP-B found in animal and human surfactant. Moreover, lucinactant has demonstrated a greater resistance to oxidation and protein inhibition in comparison to animal-derived surfactants [40] .
COMPARATIVE TRIALS

Comparison of Natural vs Synthetic Surfactant
Comparison of Natural vs Protein-Free Synthetic Surfactant
A Cochrane meta-analysis compared the impact of natural and synthetic protein-free surfactant in the prevention and treatment of RDS [41] . Randomised controlled trials from 1975 to 2000 were sought, with a total of eleven trials accepted under the inclusion criteria ( Table 1) . The metaanalysis identified that patients of either drug arm demonstrated improvement in reducing mortality related to RDS. However, treatment with natural surfactant displayed significantly better outcomes in contrast to synthetic surfactant with regards to the risk of pneumothorax and mortality. In addition, a lower rate for ventilator support was reported in the natural surfactant cohort.
Only one trial analysed the preventative effect of surfactant on RDS [42] . 871 premature neonates under 29 weeks gestation across a series of centres were randomised to calfactant (calf lung lavage) or colfosceril (synthetic) surfactant. Calfactant was found to significantly reduce the incidence of RDS (calfactant 16% vs colfosceril 42%) as well as mortality secondary to RDS (calfactant 1.7% vs colfosceril 5.4%). Weaning from mechanical ventilation occurred at a shorter duration in calfactant. However, there was no difference concerning the incidence of overall mortality, bronchopulmonary dysplasia (BPD), and pneumothorax. Interestingly, intraventricular haemorrhage was reported to be increased in the calfactant group (calfactant 39% vs colfosceril 29.9%). Nevertheless, this increase in incidence only coincided with grade 1 and 2, which confined the haemorrhage to the ventricles. Neither Hudak nor any of the treatment trials identified an increased risk of severe intraventricular haemorrhage.
Comparison of Natural vs Protein-Containing Synthetic Surfactant
The anti-inflammatory effects of protein-containing surfactant have been demonstrated in calu-3 monolayer cells cultured from human airway epithelial cells [40] . Cells were treated with normal saline, lucinactant, or beractant.
Indicators of inflammation and tissue remodelling included, transepithelial resistance (TER), paracellular permeability, and expression of interleukin (IL)-6 and -8, as well as matrix metalloproteinase (MMP)-2, -7, and -9. It was discovered that cells treated with either lucinactant or beractant demonstrated greater cell viability as compared to normal saline treatment. TER was also significantly greater at 24 and 72 hours in both surfactant groups relative to normal saline (p<0.001). However, at 72 hours, lucinactant cohort demonstrated significantly increased (p<0.001) TER than beractant. In terms of IL levels, IL-6 was markedly reduced in lucinactant-treated monolayers versus normal saline and beractant groups. Conversely, IL-8 levels showed no difference between the three cohorts at 24 and 72 hours. Analysis of MMP highlighted undetectable levels in both MMP-2 and MMP-9 at 72 hours in all three groups. MMP-7 levels were also undetectable in lucinactant-treated monolayers at both 24 and 72 hours. In contrast, beractant and normal saline cohorts expressed detectable MMP-7 levels at 24 hours with little difference between the two groups. Beractant did reach undetectable levels at 72 hours, while normal saline remained detectable. This suggests that Lucinactant is more effective in preventing the release of proinflammatory mediators, which play a key role in the development of chronic lung disease (CLD), especially BPD.
The SELECT (Safety and Effectiveness of Lucinactant versus Exosurf in a Clinical Trial of RDS in Premature
Infants) trial was a multinational, randomised, Phase III, double-blinded, clinical trial that evaluated the effects of protein-containing surfactant against protein-free surfactant and natural surfactant [43] ( Table 2) . 1294 premature infants at or below 32 weeks gestation with birth weights between 600 and 1200g were recruited and distributed to three cohorts: lucinactant (n=527), colfosceril (n=509), and bovine-derived beractant (n=258). Similar mean doses were administered across all three treatment arms within 30 minutes of birth. In comparing beractant with lucinactant, the latter slightly reduced rates of RDS, RDS-related mortality, and overall morality. There was no difference in neonatal morbidities, including pneumothorax.
A randomised, double-blinded, Phase III trial was carried out at around the same time under the title of STAR (Surfaxin Therapy Against RDS) trial comparing proteincontaining surfactant to natural surfactant [44] . Twenty-two centres across Europe, Canada, and the United States recruited 252 very premature infants delivered between 24 [45] . A high follow-up rate was achieved at approximately 98% (1517/1546). In relation to the SELECT trial, mortality rates that considered loss to follow-up as a death were 28.1%, 31.0%, and 31.0% for lucinactant, colfosceril, and beractant respectively. Results that disregarded loss to follow-up identified mortality rates of 26.6%, 29.1%, and 28.3% for lucinactant, colfosceril, and beractant respectively. In the analysis of the STAR trial, mortality rates, which considered loss to follow-up as a death, were 19.4% for lucinactant and 24.2% poractant. Mortality rates, which did not consider loss to follow-up as a death, were 18.6% and 21.9% for lucinactant and poractant respectively. Nevertheless, the difference between the various cohorts in both trials lacked statistical significance. Results from both trials were then combined. Lucinactant reported better survival rates at 1 year in comparison to animal-derived surfactant (beractant and poractant), but again lacked significance. The authors concluded that lucinactant can provide an equal or possibly greater survival rate than animal-derived surfactants in the management of preterm infants with RDS.
Comparison of Different Natural Surfactant
With the various natural surfactant subtypes available in the market, trials have sought to compare the efficacy of these surfactants ( Table 3) . A meta-analysis [10] identified three trials comparing beractant to calfactant [46] [47] [48] , while four trials compared beractant to poractant [49] [50] [51] [52] . No trials evaluated the efficacy of calfactant versus poractant. Overall, calfactant and poractant were superior to beractant in terms of secondary outcomes (pneumothorax, ventilator weaning duration, need for supplemental oxygen), but rates of mortality and CLD remained similar amongst all three types. In relation to the studies comparing beractant to calfactant, no difference in the rate of mortality and oxygen requirement was identified at 36 weeks. However, infants in the calfactant cohorts reported better short-term outcomes, including duration of mechanical ventilation and number of repeat doses. Of particular interest was a publication reporting two trials involving a total sample size of 136 [48] . Infants from the calfactant group reported faster weaning from mechanical ventilation and supplemental oxygen. Trials that compared beractant versus poractant identified no difference in outcomes when the same initial dose (100mg/kg) was administered. However, when poractant was administered at an initial dose of 200mg/kg, there was a reduction in ventilator support and oxygen requirement in the poractant cohort, but no difference in other outcomes.
A more recent meta-analysis has since been carried out comparing porcine and bovine surfactants with a total of five randomised controlled trials identified, all of which compare poractant versus beractant [53] . Again, no difference is noted when the initial dose is at 100mg/kg for both cohorts, but significant reduction in mortality and need for re-dosing has been reported in the high-dose (200mg/kg) poractant cohort. With regards to the comparison between poractant and calfactant, no randomised controlled trial has been published. However, a retrospective study using the Premier Database (2005-2009) identified a sample size of 14173 [54] . Poractant-administered infants reported a significantly reduced rate of mortality in comparison to calfactant cohort.
Comparison of Protein-Containing vs Protein-Free Synthetic Surfactant
In the SELECT trial, findings recognized a significantly reduced incidence of RDS at 24 hours in the lucinactant cohort relative to colfosceril (39.1% vs 47.2%) ( Table 4) . RDS-related mortality was significantly less common at 14 days in lucinactant as compared to colfosceril (4.7% vs 9.4%). In addition, BPD frequency was significantly decreased at 36 weeks post menstrual age in lucinactant than with colfosceril (40.2% vs 45.0%). Even all-cause mortality was lower in the lucinactant cohort. However, this value lacked significance. No difference was identified among the cohorts concerning the frequency of secondary complications including air leaks, IVH, pulmonary haemorrhage, and sepsis.
ADMINISTRATION OF SURFACTANT Comparison Between Prophylactic and Rescue Therapy
Over the years, the administration technique of surfactant has undergone a series of advances. One primary change involves the indication for surfactant. Conventional method deemed surfactant administration as a means of rescue therapy. Surfactant was instilled in tandem with continued mechanical ventilation in the presence of confirmed RDS. A Cochrane meta-analysis assessed four different randomised controlled trials, with the criteria for early selective surfactant measured as administration within the first 2 hours of life [55] . Patients in the early surfactant cohort reported significantly decreased risk of pneumothorax and pulmonary emphysema. There was also a reduced incidence of neonatal mortality and CLD. No differences were demonstrated in relation to the remaining RDS-associated complications, which included pulmonary haemorrhage, PDA, NEC, retinopathy of prematurity, and IVH of all grades. Of the four trials, the OSIRIS (Open Study of Infants at high Risk of or with respiratory Insufficiency: the role of Surfactant) trial was of particular importance due to the large sample size of 2960 [56] . Mortality rate reported a 16% reduction (early 25% vs delayed 7%), while early administration noted a 32% lower risk of pneumothorax. Other studies include a multicentre, randomised, placebocontrolled trial that identified no difference in the rate of RDS or RDS-associated mortality between prophylactic and rescue-eligible cohorts [57] . Another trial involving neonates between the gestational age of 26 to 29 weeks were divided into prophylaxis (within 10 minutes of birth, n=75) and rescue (placebo dose at 10 minutes, n=72) groups [11] . Poractant (Curosurf ® ) was administered intratracheally. The results identified an RDS rate of 19% in prophylaxis versus 32% in rescue cohort (p<0.05). At six hours, significantly greater tcPO 2 /FI 2 (transcutaneous oxygen tension/fraction of inspired oxygen) was identified in the prophylaxis group (p<0.001). There were no differences in incidence or severity of pneumothorax, cerebral haemorrhage, periventricular leukomalacia, PDA, and mortality.
Comparison Between Single and Multiple Doses of Surfactant
The possibility of administering multiple doses of surfactant as a means to reduce the risk of RDS and its related complications has been trialled by a number of authors. A Cochrane meta-analysis was subsequently compiled with three randomised control trials identified [8] . A total of 1244 infants were recruited (Dunn n=75, Speer n=343, Corbet n=826). Bovine, porcine, and synthetic surfactant were all used with up to three additional doses allowed in the multiple-doses cohorts. All three trials demonstrated a greater reduction in the risk of mortality in infants receiving multiple doses with Corbet (synthetic surfactant) reporting a statistically significant reduction. A more consistent improvement in oxygenation and a greater reduction in the rate of ventilator support were reported in the multiple doses cohort. Administration of multiple doses was also found to significantly lower the risk of NEC. There was no statistically significant difference in the risk of pneumothorax, pulmonary haemorrhage, PDA, IVH, bacterial sepsis, and BPD. No complications were found to be associated with the administration of multiple surfactant doses.
Despite the positive findings from the meta-analysis, there have been trials contradicting these reports. 75 infants at <30 weeks gestation underwent single or multiple INSURE (INtubation, SURfactant, Extubation) procedures depending on the decision of the neonatologist on duty [58] . There was no significant difference in respiratory outcome with similar rates of failure, mechanical ventilation, and BPD incidence. It is important to note that in comparison to the single INSURE procedure cohort, infants from the multiple INSURE group had lower gestational age and birthweight, more severe RDS, higher incidence of PDA, and longer duration of oxygen therapy. Therefore, the efficacy of multiple INSURE procedures has yet to be fully understood. Additionally, the optimal number of doses is still unclear. The OSIRIS trial reported that efficacy following a third and fourth dose was no different from the effect after two doses [56] .
RECENT DEVELOPMENT Ventilation with Nasal Continuous Positive Airway Pressure: Prophylactic vs Selective Use of Surfactant
Despite the crucial benefit mechanical ventilation affords in RDS, there are several complications that can arise including pneumothorax, airway injury, and ventilatorassociated pneumonia. Therefore, methods that reduce the requirement for mechanical ventilation are welcome. Nasal continuous positive airway pressure (nCPAP) is one such technique that has been developed. One study reported a reduction in median intubation duration of 1.5 days after nCPAP was introduced, along with a 23% reduction in intubation rate [59] . Bi-level nasal CPAP (BiPAP) has since been trialled with better respiratory outcomes compared to nCPAP [60] . Duration of expiratory support, O 2 dependency, and in-patient stay were all reduced in infants assigned to BiPAP. However, there were no differences in the rate of survival, BPD, and neurological disorders. Nasal intermittent positive-pressure ventilation (NIPPV) is another ventilation technique that provides an alternative to mechanical ventilation by combining nCPAP with intermittent ventilator breaths. A single-centre, randomised control trial of 200 infants demonstrated no significant difference between NIPPV and nCPAP in terms of need for mechanical ventilation [61] . However, retrospective trials evaluating other outcomes including BPD, neurodevelopmental impairment, and death have found a reduced incidence in NIPPV compared to nCPAP [62, 63] .
In recent years, a new technique for prophylactic administration of surfactant has been trialled. Surfactant was administered via endotracheal instillation during a brief period of mechanical ventilation with subsequent extubation. nCPAP could follow extubation if deemed necessary. This process of early surfactant intervention was referred to as the INSURE (INtubation, SURfactant, Extubation) technique. It was hypothesised that this early treatment strategy could prevent or reduce the severity of RDS and its related complications. Trials have confirmed the findings with infants from the INSURE method demonstrating significant reduction in duration of oxygen therapy and mechanical ventilation [64] , while a bicentre trial concerning 420 premature infants reported a 50% reduction in the incidence of mechanical ventilation (p<0.01) [65] . A Cochrane metaanalysis that analysed trials up to 2006 identified 6 randomised controlled trials which compared the impact of surfactant administration by prophylactic means (within 1 hour of life) versus conventional method [66] . Compared to later selective surfactant administration, early surfactant therapy was associated with a lower rate of mechanical ventilation, air leak syndromes, and BPD. A significant increase in the incidence of PDA was found in selective conventional therapy. It is important to note that in the three trials reporting this outcome, the number of surfactant doses per patient was significantly greater in the early surfactant group. In terms of mean duration of mechanical ventilation, three studies reported no statistical difference between the two cohorts though there was a trend toward early surfactant administration. No significant difference was identified in terms of neonatal mortality, IVH, periventricular luekomalacia, pulmonary haemorrhage, or NEC.
However, INSURE carries a significant disadvantage that may expose neonates to unnecessary intubation procedure or surfactant administration since some infants may not suffer from RDS and will not require intubation or surfactant. An idea has been proposed supporting the selective use of surfactant alongside routine nCPAP procedure for all preterm neonates. They will be stabilised and maintained with nCPAP, with intubation and surfactant only indicated in the early signs of RDS. The DRM study revealed that selective treatment resulted in 48% infants avoiding intubation and ventilation, while 54% did not required surfactant treatment [67] . Nevertheless, there was no difference in neonatal morbidity and mortality when compared to infants with prophylactic surfactant. The CURPAP trial was an international, multicentre, Phase IV study comparing prophylactic and selective use of surfactant in 208 neonates with a gestational age of 25 to 28 weeks [68] . The results identified that of the infants in the selective cohort, only 48.5% required intubation and surfactant administration, while only 33% required mechanical ventilation. A more recent meta-analysis of 11 studies demonstrates the advantages of selective surfactant administration in reducing the risk of chronic lung disease and infant mortality rate [69] .
Mode of Surfactant Administration
With the benefits of surfactant well established, advances are underway to improve the mechanism of surfactant administration. Tracheal intubation is currently the common method, but with the complications involved in this procedure, a non-invasive method of administration has been sought. The difficulty involved in development relates to the packaging of surfactant. To pass through the airways and reach the alveoli, surfactant must be compressed into an appropriate size without permanently compromising the structural integrity. Once at the alveoli, surfactant should expand and regain molecular configuration. In spite of the logistical difficulty, such a method has been developed. Aerosurf ® is a new device, which involves the inhalation of aerosolised lucinactant through a vibrating membrane nebuliser. A pilot study was carried out on 17 premature neonates of <32 weeks gestation in 4 US centres [70] . Administration of lucinactant occurred within 30 minutes of delivery over a 3 hour duration. The procedure was well tolerated with no mortality. Only 6 infants required endotracheal intubation with intratracheal instillation of surfactant. Moreover, the only significant complication noted was the transient desaturation in oxygen concentration. However, this phenomenon has also been reported in trials involving surfactant administration via tracheal intubation [39, 44] . Further studies are required especially to compare the efficacy of conventional intratracheal administration versus inhalation technique. Additionally, the volume required for desired effect has yet to be determined since a certain proportion will not reach the alveoli. New surfactants are being developed to increase optimisation of aerosol administration. This includes the formation of aerosol nanovesicles to improve resistance to surfactant inactivation [71] .
Gopel et al. recently introduced another mode of instillation whereby surfactant was administered via a thin catheter placed by laryngoscopy into the trachea [72] . 220 preterm infants were recruited in a multicentre, open-label trial and randomised to the intervention group or the standard treatment group, which received surfactant via intubation. The intervention cohort reported significantly reduced duration of mechanical ventilation and rate of oxygen therapy in comparison to the standard treatment group. No significant differences were noted in terms of mortality and serious adverse effects. Nevertheless, the prospect of administering surfactant to spontaneouslybreathing infants without intubation is promising.
Another mode of surfactant administration involves a laryngeal mask airway (LMA). The LMA is a supraglottic device that contains a curved plastic tube with an inflatable mask. The mask can be placed blindly into the posterior pharynx and inflated to seal off the oesophagus. Surfactant is administered through the created airway. A Cochrane review identified a single study in which 26 premature infants with body weight >1200g and diagnosed with RDS were administered nCPAP [73] . Surfactant was provided through LMA. The result demonstrated a decrease in mean FiO 2 requirement to maintain oxygen saturation between 88% and 92% for 12 hours, but there was no difference in the requirement of mechanical ventilation.
Researchers have also entertained the idea of surfactant administration during pregnancy. A device enters the amniotic fluid and instils surfactant near the mouth and nasal region of the foetus. It is hoped that this strategy may help prevent RDS development and avoid endotracheal intubation. A Cochrane meta-analysis searched for trials pertaining to intra-amniotic administration of surfactant in women at risk of preterm birth [74] . Risk factors for preterm birth included ruptured membrane, cervical incompetence, pre-eclampsia, growth restriction, and antepartum haemorrhage. The procedure involved percutaneous amniocentesis under ultrasound guidance or transvaginal instillation through fiberscope. Caesarean section was carried out within 180 minutes of the procedure. No trials fit the inclusion criteria, but a number of observational studies were identified [75] [76] [77] . Neonates administered intraamniotic surfactant demonstrated a reduced incidence of RDS. No major maternal or neonatal complications or infections were highlighted. Intra-partum administration is another prophylactic technique that has been trialled [78] . Calfactant was instilled into the nasopharynx prior to delivery of the shoulders in 23 neonates born between 27 and 30 weeks. Of the 15 infants delivered vaginally, 13 required no endotracheal intubation, while three of the eight babies delivered by Caesarean section did not undergo intubation. Randomised control trials with a larger sample size are needed to confirm these findings.
Synthetic Surfactant Containing SP-B and SP-C
Apart from advances in administration technique, surfactant proteins are also being developed. Surfactant combined with recombinant SP-C (rSP-C) is currently being developed, but has not reached clinical trials in neonates [79, 80] . rSP-C has, however, been tested on adults with acute RDS who have demonstrated improved oxygenation [81] . By itself, SP-C containing surfactant can achieve similar tidal volumes as poractant, but it requires ventilation with positive end-expiratory pressure (PEEP) to prevent alveolar collapse. The combination of SP-B to the molecule has been shown to stabilise newborn rabbit alveoli at endexpiration without the need for PEEP [82, 83] . Similarly, SP-A containing surfactant is another possibility. Studies on SP-A knockout mice identified an increase in alveolar macrophage proteome expression following SP-A induction [84] . The addition of ionic and non-ionic polymers to a surfactant mixture is another proposed mechanism to enhance molecule stability [85] . These polymers include hylauronan (HA), chitosan, polyethylene glycol (PEG), dextran, and polymyxin. Minimum surface tension at the 10 th cycle was 16mN/m with HA addition in comparison to 34mN/m with PEG addition. (p<0.001). Threshold of inhibition was also raised upon HA administration to the lipid mixture (350μg/ml for polymer-free lipid mixtures with or without KL 4 , 350-700μg/ml for HA 250kDa lipid mixture, 700-1050μg/ml for HA 250kDa and PEG lipid mixture, >1400μg/ml for addition of HA 1240kDa to HA 250kDa and PEG lipid mixture). Several theories have been offered to explain the ameliorated surfactant inhibition by serum. First, HA and PEG have high hydrophilic properties, which is thought to isolate inhibitors from surfactant molecule. Second, the charged presence of HA and PEG may compress the surfactant interface preventing serum proteins from disrupting the structure.
CONCLUSION
While the efficacy of surfactant in the prevention and treatment of RDS has been well-documented, issues remain. These include surfactant type, as well as the mode and timing of administration. For the time being, natural surfactant is the surfactant of choice, but a superior subtype is still debatable. However, the development of synthetic surfactant containing peptides that mimic the action of surfactant proteins have demonstrated a similar, if not superior, efficacy to natural surfactant. It is hoped that further development will allow synthetic surfactant to supersede natural surfactant, resulting in a reliable, wellcontrolled product that will be more cost-effective and prevent the risk of immunogenicity. Lucinactant, a synthetic surfactant with a KL4 peptide that mimics SP-B, is currently awaiting U.S. Food and Drug Administration (FDA) approval for commercial use; a decision will be announced in March 2012 [38] . Besides, SP-B and SP-C containing surfactant may represent an important development of surfactant.
With regards to the mode and timing of surfactant administration, early surfactant instillation demonstrated greater impact in reducing the risk of RDS and its related complications. The INSURE technique is quickly becoming standard procedure in the management of RDS. Since nCPAP has become the first-line management of RDS, this approach along with early selective surfactant appears to provide a better option as illustrated in recent studies. Instillation is currently via endotracheal tube, but noninvasive methods are being trialled including aerosolised form. Clearly further research and development into surfactant therapy is needed as more innovations are introduced, but its therapeutic potential in RDS is promising.
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